Background: mRNA transcription and decay are coordinated processes. Results: The Rpb4/7 module of RNA polymerase II is required for the transcription and mRNA decay factor Ccr4-Not to associate with elongation complexes. Conclusion: Association between these two entities is required for Ccr4-Not to promote transcription elongation. Significance: Our work provides molecular insights into how transcription and mRNA decay are linked.
Achieving proper gene expression is a complex process involving the control of a gene product from mRNA synthesis to protein destruction. Although the pathways used to regulate the expression of a gene are believed to be highly coordinated, some steps are separated by the formidable barrier of the nuclear envelope (e.g. transcription and translation). Furthermore, some pathways once thought to be antagonistic and distinct from each other, such as transcription and cytoplasmic mRNA decay, are now known to undergo crosstalk (1, 2) . However, the mechanism of how this occurs is unknown and is under intense investigation.
Recent advances in genomic analysis has led to the concept of gene expression "buffering," or the idea that mRNA synthesis and destruction rates are coordinated (3, 4) . Counterintuitively, an increase in synthesis rate leads to a corresponding increase in decay rates during stress or when transcription or decay is perturbed genetically. This buffering response may fine-tune gene expression and prepare the cell to adapt to changing environments. Buffering occurs during stress responses as well as during the course of yeast species evolution (2, 5) . The molecular players in gene buffering are largely unknown, but several studies have implicated candidates involved in transcription and decay (4, 6 -8) .
mRNA decay is initiated by the removal of the poly(A) tail by cytoplasmic deadenylases. This process is carried out by Pan2/3 and Ccr4 in yeast, with Ccr4 appearing to play the major role (9 -11) . Ccr4 resides in a multisubunit complex called Ccr4-Not, which was first described as a transcriptional activator/ repressor (9, 12) . In addition to regulating the TATA-binding protein at the initiation stage, it directly associates with elongating RNA polymerase II (RNAPII) 2 and can reactivate arrested polymerase in vitro (13, 14) . Ccr4-Not has pivotal roles in both mRNA production and decay. Another factor participating in transcription that has been implicated in decay is the Rpb4/7 module of RNAPII. Deleting Rpb4 or using mutants in the core RNA polymerase that weaken the interaction with Rpb4/7 caused reduced decay of mRNAs. Interestingly, deleting RPB4 or mutating RPB7 affected the deadenylation step in decay (6, 15) . However, a recent study suggested that Rpb4 primarily promotes transcription in the nucleus (16) ; thus, it is controversial whether Rbp4 plays a direct role in decay. Curiously, Ccr4-Not mutants display many phenotypes observed in the RPB4-deleted strain including elongation defects, stress sensitivity, impaired transcription-coupled repair, and reduced turnover of mRNAs (9, 17) . Although significant strides have been made in understanding how Ccr4-Not and Rpb4/7 individually contribute to regulating gene expression, a functional connection between Ccr4-Not and the Rpb4/7 remained elusive.
Here, we used a highly purified in vitro reconstitution system to study the functional and physical interaction between Ccr4-Not and the Rpb4/7 module of RNA polymerase II. We demonstrate that Rpb4/7 is required for Ccr4-Not to bind elongation complexes and rescue arrested RNAPII. These results provide, for the first time, a molecular basis for the relationship between these entities and suggest a possible mechanism for how transcription and mRNA decay are coordinated.
EXPERIMENTAL PROCEDURES
Strains and Protein Purification-Yeast strains are listed in Table 1 . Ccr4-Not complex was purified from yeast from a Caf40-or Not4-TAP strain containing a deletion of DST1 by tandem affinity purification (TAP) as described in a previous publication (13) . RNAPII and its mutant derivatives were purified through Rpb4-TAP or Rpb8-TAP (for 4/7⌬ RNAPII) (18) . The amount of RNAPII was estimated by Bradford assay using bovine serum albumin as a standard. To produce recombinant Rpb4/Rpb7, RPB4 and RPB7 were cloned into and co-expressed from a polycistronic vector (19) , producing N-terminal hexahistidine-tagged RPB4 and C-terminal Strep-tag II-tagged RPB7. Details are available upon request. The dimer was purified by sequential affinity chromatography on Ni-NTA-and Strep-Tactin-agarose.
Elongation Complex Formation and Run-off Assays-Radiolabeled elongation complexes were formed on 100 ng of 3Ј-tailed templates by incubating ϳ0.250 pmol of RNAPII (estimated by protein content), [
32 P]UTP, ATP, CTP, and UpG dinucleotide as described in our previous study (13) . Ccr4-Not (amounts indicated in the figure legends) was added for 5 min. To measure the binding of Ccr4-Not to elongation complexes (ECs), the mixture was separated on native gels. For run-off assays, after incubation with Ccr4-Not, GTP and cold UTP were added, and aliquots were taken at the time points described in the figure legends. RNA products were analyzed on urea-PAGE gels. The gels were dried, exposed to a PhosphorImager screen for 12-16 h, and scanned using the Typhoon system (Molecular Dynamics). The data are presented as the percentage of run-off (run-off product divided by the sum of the run-off and remaining EC).
Rpb4/7 Binding Assays-Approximately 5 g of Rpb4/7 dimer immobilized on Strep-Tactin beads (IBA Life Sciences) or Ni-NTA-agarose, depending on the experiment, was incubated with 1 g of Ccr4-Not complex for 1 h at 4C in binding buffer (20 mM Tris-Cl, pH 7.5, 100 mM NaCl, 10% glycerol, 0.01% Nonidet P-40). The unbound fraction was saved, the beads were washed with binding buffer, and bound proteins were eluted in SDS-PAGE loading buffer. Ccr4-Not binding was detected by Western blotting through an epitope tag incorporated into the C terminus of Caf1. A Cy-5 labeled secondary antibody (GE Healthcare Life Sciences) was used, and the images were recorded on a Typhoon system and quantified using ImageJ software. Binding was quantified relative to a defined amount of input.
RESULTS
The Ccr4-Not complex binds to RNAPII elongation complexes in vitro, and its association with elongating RNAPII is stabilized by the nascent transcript (13) , but the structural features of RNAPII required for this interaction are not known. The Rpb4/7 module and Rpb9 are not essential for viability and have been implicated in elongation (20) ; therefore, they are excellent candidates for playing a role in the interaction between RNAPII and Ccr4-Not. Although Ccr4-Not immunoprecipitated with RNAPII in crude extracts from an rpb4⌬ mutant, the interaction with other elongation factors in the extract could have stabilized an otherwise weakened interaction between the complex and the mutant RNAPII (13) . To definitively address the role of the Rpb4/7 module in mediating the interaction between Ccr4-Not and ECs, we purified RNA-PII lacking the Rpb4/7 module (4/7⌬ RNAPII) (Fig. 1A) . In vitro transcription reactions were initiated on a previously characterized 3Ј-tailed template using UpG dinucleotide (13, 21) . This template produces transcripts resistant to RNase H digestion, suggesting that this in vitro system is not prone to the artifact of R-loop formation (21) . In addition, transcripts in the ECs are sensitive to RNase, and permanganate footprinting experiments indicate that the transcription bubble is closing behind RNAPII. 3 Intact RNAPII and the Rpb4/7⌬ form of RNAPII were used to transcribe across a G-less cassette, which arrested at four G bases forming ECs with a 70-nucleotide transcript. Ccr4-Not was incubated with the EC, and then GTP was added to initiate run-off transcription (Fig. 1B) . The percentage of run-off transcription was plotted versus time. Consistent with our previous results (13), adding Ccr4-Not stimulated the production of run-off transcripts ϳ2-3-fold (Fig. 1, C and D) . Next, we examined the activity of the 4/7⌬ RNAPII. The mutant RNAPII displayed a similar level of transcription run-off as the wild type polymerase in the absence of Ccr4-Not, which is consistent with previous studies suggesting that the 4/7 module is not required for elongation in vitro (22) . Strikingly, the rescue of arrested Rpb4/7⌬ RNAPII by Ccr4-Not was greatly reduced when compared with that observed for intact RNAPII (Fig. 1, C  and D) . As a control, we confirmed that the arrested 4/7-less polymerase could be stimulated by transcription elongation factor IIS (TFIIS), suggesting that the mutant polymerase responds to elongation factors that work through a different mechanism. gation. RNAPII was purified from a strain containing a complete deletion of the RPB9 gene ( Fig. 2A) . Rpb9-less RNAPII (Rpb9⌬ RNAPII) was used in transcription run-on assays, and the mutant polymerase produced run-off transcripts to the same extent as wild type polymerase (compare Fig. 1D with Fig.  2C ). Importantly, Ccr4-Not was able to stimulate elongation Approximately 250 fmol of intact or mutant RNAPII (Rpb4/7⌬ and Rpb9⌬) was used to form ECs on 100 ng of template (EC70). ECs were incubated for 10 min with 0.5 and 1.5 g of Ccr4-Not complex or carrier protein (RNAPII-only lanes). nt, nucleotides. B, products were separated on native polyacrylamide gels and visualized by the incorporation of radiolabeled UTP into the nascent transcript (see "Experimental Procedures"). C, schematic of the pulldown assay to measure the binding between recombinant Rpb4/7 and Ccr4-Not. Rpb4/7 were co-expressed using a bicistronic expression system, and Rpb4 was purified separately. Proteins (ϳ5 g) were immobilized on Ni-NTA-agarose by a His 6 tag incorporated into the Rpb4 subunit. Beads were incubated for 1 h with TAP-purified Ccr4-Not containing Myc-tagged Caf1. D, the fractions were analyzed by Western blotting using the 9E10 antibody. Naked beads were used as a control. 200 ng of purified Ccr4-Not is shown in the input lane. Bands were detected using a Cy-5-conjugated secondary antibody. Half of the total of each fraction was loaded onto the gel.
from Rpb9⌬ RNAPII similar to intact RNAPII (Fig. 2C) . Thus, Rpb9 is not required for Ccr4-Not to stimulate elongation. These results suggest that the Rpb4/7 module is particularly important for Ccr4-Not to stimulate transcription. We examined why the loss of Rpb4/7 from RNAPII reduced the ability of Ccr4-Not to rescue arrested ECs. One explanation is that a physical interaction between the Rpb4/7 module and Ccr4-Not stabilizes the association of Ccr4-Not with the EC. To test this, we employed an EMSA to analyze the binding of Ccr4-Not to the mutant ECs. Both intact and mutant RNAPII were used to reconstitute ECs with radiolabeled UTP incorporated into the transcript, and Ccr4-Not was titrated into the binding assay (Fig. 3A) . Titrating in Ccr4-Not into ECs formed with intact RNAPII produced a supershift, and essentially all of the EC was bound by Ccr4-Not to an RNAPII ratio of 3:1 (Fig.  3B, lane 3) . We have previously shown that the binding of Ccr4-Not to ECs is not mediated exclusively by nucleic acid interactions, suggesting direct contact between RNAPII and Ccr4-Not (13) . However, titrating the same amount of Ccr4-Not failed to produce a significant discreetly shifted species of EC formed with Rpb4/7⌬ RNAPII. A smear was detected only at the highest concentration of Ccr4-Not (Fig. 3B, lane 6 ) that migrated in a position not correlating to an EC-Ccr4-Not complex. This result was observed in multiple gels using different preparations of Ccr4-Not. We speculate that a weak interaction between Ccr4-Not and the mutant RNAPII, which cannot withstand the gel conditions, delayed the entry of the EC into the gel. In contrast, Ccr4-Not was capable of supershifting ECs formed with Rpb9⌬ RNAPII (Fig. 3B, lanes 8 and 9) . Thus, the Rpb4/7 module is required for Ccr4-Not to associate stably with elongating RNAPII.
The most straightforward explanation for why Rpb4/7 is required for Ccr4-Not binding is that the two interact directly. Alternatively, a conformational change in the core of RNAPII caused by the loss of Rpb4/7 could weaken Ccr4-Not binding. Comparison of the 10-subunit crystal structure of core RNAPII and the complete 12-subunit version indicates that Rpb4/7 moves the clamp domain of RNAPII into a closed position similar to what is observed for the elongation complex (20) . Demonstrating the latter mechanism would require a co-crystal structure of Ccr4-Not in an RNAPII EC, which has not been attainable through crystallography. For testing the binding of Ccr4-Not to Rpb4/7 at a biochemical level, Rpb4/7 was co-expressed in E. coli and purified by two-step affinity purification. Each subunit had a unique affinity tag; thus, the dimer was purified away from excess individual subunits (Fig. 3C and see "Experimental Procedures"). The recombinant dimer was used in pulldown assays with purified Ccr4-Not containing a Myc tag on the Caf1 subunit of the complex. The results indicate that Ccr4-Not directly binds to the Rpb4/7 dimer (Fig. 3D) . We attempted to identify which subunit(s) of the 4/7 module mediates this interaction. Rpb7 could not be expressed in a soluble form alone (not shown); however, a hexahistidine-tagged version of Rpb4 could be purified, and this was used in the pulldown assay. Ccr4-Not bound to Rpb4, but not as well as it did to the 4/7 dimer (Fig. 3D) . In this experiment, Rpb4/7 bound ϳ41% of the input complex, whereas Rpb4 bound ϳ16%. The binding of Ccr4-Not to Rpb4/7 was also observed when the dimer was immobilized through a Strep-tag in the Rpb7 subunit. 4 Collectively, the data suggest that the Rpb4/7 module of RNAPII is important for Ccr4-Not to associate with ECs.
DISCUSSION
The coupling of the rates of mRNA transcription and decay is a newly identified response to changes in cell physiology. For example, as the transcription of a gene increases, so does its decay rate in a compensatory response called buffering (3, 10) . The factors and pathways involved in this process are starting to be identified, but the mechanism of this phenomenon is not known. One of the first factors suggested to play a role in the coupling of transcription and decay was the Rpb4/7 module of RNA polymerase (7) . Deleting RPB4 or mutating RPB7 reduces mRNA decay, including the deadenylation step in decay (1, 6) . Ccr4 is the major mRNA deadenylase, and it was a candidate to be involved in this process. Furthermore, a comparative study of the synthesis and decay rates of mRNAs between two related yeast species, Saccharomyces cerevisiae and Saccharomyces paradoxus, identified Rpb4 and Ccr4-Not as candidates in the adaptation process (5) . The relationship between Ccr4-Not and Rpb4/7 was not known. Here, we provide a molecular explanation for the role of Rpb4/7 in mRNA decay and potentially an important piece of the puzzle in defining how transcription and decay are coordinated to balance the level of gene expression.
A prevailing model to explain the coordination between transcription and decay invokes the "imprinting" of RNAs with factors involved in transcription in the nucleus, which can then impart the regulation of decay in the cytoplasm (1, 2) . In particular, the imprinting of mRNAs with Rpb4/7 during the process of transcription was proposed (1). This model logically involves the shuttling of transcription and decay factors in and out of the nucleus. There is an opposing view questioning whether or not mRNAs are imprinted with Rpb4/7 and whether the shuttling of Rpb4/7 out of the nucleus is required for its control over decay. In this latest study, it was determined that covalently tethering Rpb4 to the core of RNAPII mostly rescued the synthesis and decay defects in the rpb4⌬ mutant (16) . The authors of that study argue that the disassociation of Rpb4/7 from RNAPII, and thus, nuclear cytoplasmic shuttling and imprinting, are not required for Rpb4 to function in decay. Our results here suggest an alternative mechanism that unifies both points of view and explains the relationship between Rpb4/7 and Ccr4-Not in transcription and decay. Rpb4/7 may serve as a scaffold to recruit mRNA transport and decay factors, such as Ccr4-Not, co-transcriptionally. An attractive model based on the results described here is that Rpb4/7 recruits Ccr4-Not to elongating RNA polymerase and the nascent transcript (this work and Ref. 13 ). Ccr4-Not travels with RNAPII during elongation by contacting 4/7 and the transcript, and could remain with mRNAs after termination, where it can impart regulation on those mRNAs in the cytoplasm. If such a model is correct, this could explain why Rpb4 is required for mRNA decay (6), but such regulation does not necessitate the disassociation of Rpb4/7 from RNAPII (16) . It is also possible that Ccr4-Not and Rpb4/7 form a complex on mRNAs in the cytoplasm.
Although our data suggest that Rpb4/7 is an important point of contact between RNAPII and Ccr4-Not, clearly surfaces on the 10-subunit core of polymerase also participate in the interaction. Ccr4-Not still binds weakly to 4/7-less RNAPII, as evidenced by the delayed migration of RNAPII⌬4/7 ECs into native gels (Fig. 3) , and weak stimulation of elongation by Ccr4-Not (Fig. 1) . The possibility that Ccr4-Not makes contacts with more than Rpb4/7 in ECs is not surprising considering the size of the complex, 1 MDa.
The association of Ccr4-Not with Rpb4/7 may be important for other transcription-associated functions. As mentioned above, Rpb4 plays multiple roles in the transcription process, including initiation, elongation, and 3Ј end processing (9, 14, 17, 23) . It is possible that Rpb4/7 recruits Ccr4-Not and other elongation factors to promote transcription. Likewise, both Ccr4-Not and Rpb4 have been implicated in transcription-coupled DNA repair (24, 25) , and this physical interaction may play an important role here, too. These possibilities remain to be tested. One could think of Rpb4/7 as a second platform on RNA polymerase, the first being the well characterized C-terminal domain of Rpb1, for the assembly of regulatory factors onto mRNAs co-transcriptionally. Unfortunately, attempts to analyze the requirement for Rpb4/7 in the recruitment of Ccr4-Not to genes were not successful because deleting RPB4 reduced the expression of, and RNAPII loading at, genes known to be dependent on Ccr4-Not; thus, it was not possible to attribute reduced Ccr4-Not recruitment to the loss of Rpb4 specifically versus a total loss of RNAPII (not shown and Ref. 13 ). Nonetheless, our work described here provides molecular insights into why Ccr4-Not and Rpb4/7 are involved in many of the same processes and may suggest a mechanism for how these two factors regulate the coordination between transcription and decay.
